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SUMMARY: Hydrothermal carbonization (HTC) is a chemical process which emulates the 
natural coalification of biomass. But in difference to the natural process which requires some 
hundred (peat) to some million (black coal) years the hydrothermal carbonization only needs less 
than 12 hours for the transmutation of biomass into a material comparable to brown coal. The 
HTC process is performed with biomass suspensions in a pressure vessel under temperatures of 
180 - 220 °C and resulting water vapour pressures between 10 - 15 bars. Gas generation may 
increase the pressure up to more than 25 bars. After activation, HTC is an exothermic process. 
About one third of the combustion energy of the biomass is released.  
 First experiments were carried out by BERGIUS (1913), who described the hydrothermal 
conversion of cellulose into coal-like materials, and systematic investigations were performed in 
the nineteen-thirties. The process was rediscovered some years ago at the Max-Planck Institute 
of Colloids and Interfaces in Golm/Potsdam (MPI), where comprehensive state-of-the-art 
experiments helped to understand the process much more in detail.  
In co-operation with the MPI the University of Applied Sciences Ostwestfalen-Lippe started 
the first feasibility study on the HTC process using organic waste, funded by the DBU (Deutsche 
Bundesstiftung Umwelt), in 2007. Within the scope of this project more than 100 carbonizations 
were performed in a 25-litre pressure vessel.  
Many types of biomass including different organic wastes from households and industries 
were successfully carbonised. At the end of the process the solid phase, the “HTC-Biochar”, can 
easily be separated from the water. Approximately 75 - 80 % of the carbon input is found in the 
solid phase; about 15 – 20 % is dissolved in the liquid phase, and the remaining 5 % are 
converted to gas (mainly carbon dioxide). The liquid phase is highly loaded with organic 
components, which are easily degradable.  
Comparisons of the elemental composition (C/H/N/O) of input- and output-materials give 
clear advice on the intensity of the carbonization process. Elemental composition and calorific 
value of most of the HTC-outputs are very similar to brown coals. Therefore the HTC-Biochars 
might be of interest for energy production. Brown coal could be replaced partly by converted 
organic wastes, or the HTC-Biochar could be incinerated in specialised cogeneration plants. 
Apart from energetic use HTC-Biochar could be of interest as soil additive due to its 
structural texture. First investigations on applications in soils were performed, too. 
HTC is a promising technology for conversion of organic wastes with high water contents and 
might become of importance also for CO2-sequestration.  
 
1. INTRODUCTION 
Hydrothermal carbonization (HTC) is a chemo-physical process for the conversion of organic 
material (biomass). HTC is based on the natural process, coalification of organic material, which 
has taken place under geological influences mainly in the Carboniferous. The fundamental 
scientific knowledge base was compiled by FRIEDRICH BERGIUS over 100 years ago (see 
Bergius, 1928). 
Hydrothermal carbonization is understood to be the coalification of organic material in 
aqueous phase under applied high temperatures and pressure. This process, the refinement of 
biomass, having lain forgotten for a long time, has been re-discovered and further developed 
under the direction of Professor ANTONIETTI, director of the Department of Colloid Chemistry at 
the MAX-PLANCK INSTITUTE of Colloids and Interfaces in Golm/Potsdam (MPI). The earlier 
described processes could now be accurately controlled using modern instrumentation and 
supported by catalysts (Titiric et al., 2007a).  
For hydrothermal carbonization to take place, plant-based products such as leaves, straw, 
grass, wood chippings or fir cones are placed in a pressure vessel together with water and a 
suitable catalyst. The reactor is then closed, and under air-exclusion is heated under pressure. 
The HTC process generally takes place at temperatures between 180°C and 220°C over a 4 to 12 
hour period, after which, the mixture is cooled down and the vessel is opened: It now contains a 
black watery fluid comprised of finely dispersed spherical carbon particles (colloids). Carbon 
which was formerly bound in the organic material now lies in front of us in particle form as 
small, porous brown-coal spherules. 
The resulting HTC-Biochar can be incinerated or can be further utilized industrially like 
brown-coal is used. An example might be conversion via the FISCHER-TROPSCH-synthesis into 
petrol. Hydrothermal carbonization is not a fast process; thus during the reaction, interesting by-
products such as peat or humus can be gained and consequently used for soil improvement. The 
special structure of HTC-Biochar makes possible its use for example as absorption and/or 
separation media (Titirici et al., 2007b).    
Hydrothermal carbonization is based on a simple chemical process; namely the splitting of 
water from carbohydrates (dehydration):  
 
  HTC 
 C6H12O6  →  “C6H2O“  +   5 H2O  +  ~ 950 kJ/mol 
 Carbohydrate  “HTC-Biochar“  Water  Heat 
  
A simple energy balance of this process already indicates that it is exothermic; during the 
reaction, energy is released (Titirici et al., 2007a). However, before this energy can be utilized, a 
mound of activation energy has to be overcome; it is thus necessary to heat the reactor vessel up 
to at least 180°C. The reaction proceeds within a few hours, whereby the degree of dehydration 
of the carbohydrates is dependent upon the duration of the reaction. Detailed research confirms 
that additives can support and accelerate the reaction. 
It must be emphasized, that all these conversions – suitably controlled – proceed with only a 
very slight loss of carbon in the solid phase and therefore the process works with high carbon 
efficiency. Additionally, the carbonization process is an exothermic reaction and thus the energy 
needed for the conversion can be obtained or is perhaps exceeded. The HTC-process could 
therefore be superior to other methods of energy production from biomass. 
A further advantage of hydrothermal carbonization is that the liquid phase can be separated 
considerably more efficiently from the HTC-Biochar than from other biomass. The net calorific 
value of the product referred to the input is therefore, despite the losses during the conversion, 
often higher than that of other materials which first have to be expensively dewatered or dried. 
 
2. CURRENT STATE OF RESEARCH 
2.1 Project Overview 
The idea, hydrothermal carbonization, was taken up by the working group “Waste Management 
and Landfill Technology” at the University of Applied Sciences Ostwestfalen-Lippe 
(Hochschule Ostwestfalen-Lippe, HS-OWL) in Hoexter, Germany, in mid-2006 after a press 
article about HTC. The first step in the form of a student’s project assignment was to research 
the basic qualitative applicability of the method. The positive findings of this research formed 
the basis of a research proposal to the DBU (Deutsche Bundesstiftung Umwelt, Federal German 
Foundation for the Environment) requesting support for a feasibility study which would be 
undertaken in co-operation with the Max-Plank Institute in Golm. 
 
The DBU project was carried out between July 2007 and June 2009 under the heading: 
 Feasibility Study into Energetic Use of Organic Municipal Solid Waste  
by Hydrothermal Carbonization 
The project work was carried out in the form of four integrated assignment blocks: 
1.  Waste management research and project coordination 
 HS-OWL, Campus Hoexter, Waste Management and Landfill Technology 
 Professor Dr.-Ing. Hans-Guenter Ramke 
2.  Basic scientific support regarding carbonization 
 Max-Plank Institute of Colloids and Interfaces, Golm/Potsdam 
 Professor Dr. Markus Antonietti, Director, Department of Colloid Chemistry  
3.  Consultancy in process-technology considerations 
 Dr.-Ing. Hans-Joachim Lehmann, Dipl.-Chemist  
Consulting Engineer, Neuenhagen, Berlin 
4.  Handling of wastewater treatment problems 
 HS-OWL, Campus Hoexter, Water Technology 
 Professor Dr.-Ing. Joachim Fettig 
Hydrothermal carbonization of municipal solid waste stood in the foreground within the frame of 
the DBU-sponsored project. Hydrothermal carbonization of other materials such as sewage 
sludge or biogas slurry has been followed in smaller parallel projects. 
2.2 Test Equipment and Study Program 
The autoclave (pressure-vessel) situated in the Laboratory of Waste Management and Landfill 
Technology has a 25-litre capacity and was formerly used to determine the water absorption 
capacity of concrete test blocks. Since the beginning of the project, it has been re-fitted and 
equipped with computer supported PLC. Figure 1 shows the re-fitted autoclave.    
Since the start of project, well over 100 tests have been carried out and the resulting products 
analyzed. The tests have been carried out as batch-tests, with and without the use of an open 
inner vessel. Stirring the suspension is not possible.  
The physical parameters temperature, pressure, and energy consumption are continually 














Figure 1: Autoclave with switch panel and VDU workstation 
The following analyses were carried out regularly: 
- Gas production potential of the input 
- Composition of the input 
- Composition of the solids (“HTC-Biochar”) 
- Analyses of the liquid phase 
- Analyses of the gas phase 
The dewatering and drying properties of the HTC material are consequently studied with test 
stands developed for this purpose.   
2.3 Investigated Input Material 
In Figure 2, potential hydrothermal carbonization input material has been compiled relative to its 
consistency and origin. The input material investigated under the terms of the feasibility study is 
shown against a grey background. 
Within the frame of the DBU-Project, the material shown below was used and analyzed:  
-  Standard substrate: -  Maize silage and dried sugar beet pulp (Standard I) 
  - Biogas slurry, straw and dried sugar beet pulp 
   (Standard II)  
- Mono substrate:  -  Sugar, starch 
-  Municipal waste: -  Fresh compost, organic waste (“Green Bin”) 
  -  Green cuttings (grass and bush cuttings) 
  - Leaves 
- Commercial and industrial waste -  Citrus peel, food waste, brewer grains   
-  Agricultural residues:  -  Straw, liquid manure 
-  Miscellaneous residues:  -  Biogas slurry from biogas production 
   - Sewage sludge from municipal sewage treatment plants 
 
 
Figure 2: Overview of potential input material for HTC  
2.4 Characteristics of HTC-Biochar 
Figure 3 gives an impression of the appearance of dried HTC-Biochar. Typical, is the brown 
colour after drying. The porous structure is only revealed by high magnification. Visually 
noticeable are plant structures which are often still recognizable after the carbonization despite 
having undergone an extensive material transformation.  
 
Figure 3: Dried HTC-Biochar 
from Standard 1 (Dried sugar 












The bulk density of the dried HTC-Biochar is low. The danger of a dust explosion or 
spontaneous combustion following total drying out, cannot be excluded. The material therefore 
should not be totally dried out before burning. 
2.5 Process Parameters 
The test series have not only been carried out in accordance with the numerous publicized 
standards for hydrothermal carbonization; namely a temperature of ca. 180°C over reaction-time 
period of 12 hours, but also carried out under optimized conditions.    
Figure 4 shows exemplarily the process parameters (outer casing and internal pressure-vessel 
temperatures, energy input of the heating circuits and internal vessel pressure) over the duration 
of a selected test run under standard conditions. The rise in internal vessel pressure illustrated 
here indicates the magnitude of the reaction processes causing gaseous reactions’ products 
(dominantly CO2).  
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Figure 4: Process Parameters of a typical HTC – Experiment 
In pursuit of optimizing the process conditions, the temperatures of the reaction have been 
varied. In particular, the temporal adaptation of the reaction temperatures to the carbonization 
process led to a marked intensification of the processes and to a significant reduction of the 
reaction time. The process-linked temperature regulation subsequently led to an improvement to 
the properties of the HTC-Biochar. Precisely, the fuel qualities (C-content, calorific value) of the 
HTC-Biochar can be positively influenced. Furthermore, it has ascertained that, in the catalyzing 
effect of additives there is a significant potential available for the intensification and steering of 
hydrothermal reactions.  
            
 
 
3. MASS BALANCES AND PROPERTIES OF HTC-BIOCHARS 
3.1 Mass and Carbon Balances 
The mass balances of the in- and output masses showed an average recovery ratio of ca. 97 % in 
total. The losses can be plausibly explained as wetting, evaporation and so-called spill- or 
droplet-losses. 
Differentiation of the mass balance with regard to the dry and wet mass indicates that through 
changes during the hydrothermal reaction of the biomass, the dry mass is reduced whereby, in 
part, more water than at onset is found. This shows that as a consequence of dehydration during 
the process, water is generated. The reduction in the dry mass is in addition to dehydration 
caused by decarboxylation (the split-off of carbon dioxide). 
In analogy to the mass balances, the recovery-value of organic carbon is 95% and more. The 
distribution of the carbon fractions in the solid, liquid and gaseous phases is dependent on the 
various types of substrates. However, the tendency is apparent as Table 1 indicates.  
 
Table 1: Distribution tendencies of the carbon fraction in the HTC product phases 
Substrate 
 
C – Solid Phase 
[%] 
C – Liquid Phase 
[%] 
C – Gas Phase 
[%] 
Organic waste 74.9 19.0 6.1 
Green Cuttings 75.3 19.7 5.0 
Biogas Slurry 72.2 22.1 5.7 
Straw 75.4 19.7 4.9 
Chipped Wood 82.9 14.1 3.0 
 
In the tests thus far, 75 – 80 % of the input carbon is regained in the solid phase, whereby 
normally (without controlled recirculation) about 15 – 20 % of the organic carbon are transferred 
into the liquid phase. About 5% of the carbon is released as gas. 
3.2 Extent of Carbonization  
The hydrothermal carbonization process can be well visualized by way of the coalification 
diagram (Figure 5). In the coalification diagram, the mol ratio hydrogen/carbon within a solid is 
presented vs. the oxygen/carbon mol ratio (see Behrendt, 2006). 
During the course of carbonization, the process goes from cellulose and wood, via the interim 
steps peat and lignite, to the various forms of brown coal, through to coal and anthracite. In the 
carbonization diagram, the mol ratio H/C to O/C moves from upper right to lower left as the 
carbonization advances. 
Therefore the degree of carbonization can be shown very descriptively in the coalification 
diagram for any HTC-Biochar. Additionally, the intensity of the process is shown by the length 
of the vector, starting at the input analysis and ending at the output analysis.  
In Figure 5, the test results for a broad spectrum of input materials are presented. With regard 
to organic waste (“Green Bin”), in case of food waste and also sewage sludge the area of brown 
coal has not been “fully reached”, because of their relatively high H/C mol ratio; but the length 
of the input-output vectors show that the materials have reacted intensively.   
 
Figure 5: Example of a carbonization diagram (Tests IV Quarter/2008) 
3.3 Fuel Characteristics 
Analyses of the element contents and gross calorific values of HTC-Biochars enables assessment 
of the resulting HTC-Biochar fuel characteristics against the brown coal characteristics. Figure 6 
illustrates the gross calorific values and carbon content of HTC-Biochar, compared against the 
‘Lausitz’ brown coal (LAUBAG-Briquet) reference point.  
Figure 6 shows the significant correlation between the carbon content and the gross calorific 
value of the materials tested by the Laboratory of Waste Management and Landfill Technology. 
In addition, it can be clearly seen that most of the HTC-Biochars tested here, with regard to C-
content and calorific value, can be classified as being similar to brown coal. Determinative for 
the gross calorific value are the concentrations C, H, N and O which are also entered in the 
theoretical calculation of the calorific value, (e.g. in the approximation of BOIE).  
In all tests, a significant increase in energy density could be confirmed. In the Carbon Content 
vs. Calorific Value Diagram the resulting vectors connecting input material to output material 
would be directed from lower left to upper right thus displaying the increasing carbon content 
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Structure acc. to  BEHRENDT, 2006
 
Fig.6: Example of a Carbon Content - Calorific Value Diagram (Tests IV Quarter 2008)  
4. ENERGY BALANCES OF THE HTC PROCESSES 
By comparing the energy content of the input and output material using the gross calorific 
values, it could be determined that 60 – 90% of the gross calorific value of input solids are 
available in the solid HTC-outputs (HTC-Biochar). The remaining energy is released as heat 
during the exothermic process of carbonization or is chemically bonded in carbon compounds 
dissolved in the liquid phase. The magnitude of the released heat is once more an indication of 
the intensity of the process, and is determined by the input material and also the process 
conditions. 
In the case of Standard 1 Material, that was so defined in order to test the reproducibility of 
the measurements and to optimize the test conditions using identical material, a release of energy 
of 4,300 – 5,700 kJ/kg DS (input material) was determined. This corresponds to about 30 % of 
the calorific value of the input material. 
By direct measurement of energy consumption these values could be approximately 
confirmed. By applying calibration standards (water), the heat losses at defined temperatures due 
to radiation and convection from the autoclave were measured. For this purpose, the electricity 
consumption, recorded at intervals, was integrally calculated.  The same calculation of energy 
consumption was performed for the carbonization tests. The energy consumption required to 
maintain the reactor temperature was, during the carbonization process, significantly lower due 
to heat emitted from the exothermic processes within the reactor. 
 
Correlation Carbon Content - Calorific Value
Quarter IV/2008
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Evaluation of the tests on Standard 1 substrate showed an average release of energy of 
7,000 kJ/kg DS. Considering the inadequate insulation of the reactor in comparing reactor mass 
with the small solid mass of the tested material, the concurrence between the two independent 
assessment methods can be said to be good. 
For an exact determination of the heat of reaction, and in order to gain the data for a transfer 
from the laboratory to a large scale facility, measurements from a continually working and better 
insulated reactor are absolutely necessary.  
5. DEWATERING AND DRYING PROPERTIES OF HTC-BIOCHAR 
The advantages of HTC for energetic use of organic wastes with high moisture contents can only 
be assessed if the complete process chain of conditioning and utilization is considered.  
It is therefore necessary to scrutinize the dewatering and drying properties of HTC-Biochar. 
Special test equipment has been developed for this purpose. Dewatering tests are oriented on the 
usual techniques for sewage sludge dewatering. By using a press, normally used for testing 
building material, a cylinder filled with wet HTC-Biochar is put under a constant pressure of 15 
bars. The discharge of water is passed over a filter plate and caught in electronic scales.  
Figure 7 illustrates the progress of discharge of water against time (curves of total volume 
related to the original mass of water). 
Figure 7: Examples of development of discharge in dewatering tests with various substrates 
Comparison of the curves of discharge enables an assessment of the dewatering properties of the 
different materials at start and after hydrothermal carbonization under varying process 
conditions. Analogies with sewage sludge indicate that dewatering properties of sewage sludge 
after carbonization are actually much better than that of non-carbonized sewage sludge. This 






































The tests on the dewatering properties are supplemented with tests on the drying properties. The 
tests are performed in an enclosed test cell, in which warmed air is passed over a 30 by 30 cm 
test sample. For the determination of evaporation once again electronic scales are used, upon 
which the test sample lies. By comparing the evaporation behavior of different HTC-Biochars, it 
is possible to make relative conclusions about the drying properties. In the course of further test-
work, the measurements will be calibrated against those from natural brown coal.  
It will thus become possible to replicate the complete process chain for the conditioning of 
HTC-Biochars for energetic use under reproducible conditions. 
6. ANALYSES OF THE LIQUID AND GAS PHASES 
6.1 Liquid Phase 
Analyses of the liquid phase – of the process-water – showed, that the filtrates are predominantly 
acidic. The organic contamination, substrate and process dependent, lay between 10,000 – 
40,000 mg/l in regard to BOD5 and between 14,000 – 70,000 mg/l for COD. The filtrate of HTC-
tests with the Standard I had an average COD/TOC-ratio of 2.30. 
The suitability of different treatment technologies for elimination of dissolved organic 
compounds was tested: Iron-salt flocculation and adsorption onto activated carbon as well as 
aerobic biological treatment as single-step or in combination with a subsequent adsorptive stage. 
Expectedly, the first aerobic tests on degradability by the working group “Water Technology” 
at the University of Applied Sciences, HS-OWL, indicated that the liquid phase of the HTC 
process can be definitively biodegraded.  
Also, anaerobic decomposition tests (gas generation tests acc. to VDI 4630), carried out in the 
Laboratory for Waste Management and Landfill Technology, once more confirmed the good 
degradability of the dissolved organic components in the liquid phase. The gas potential 
observed in these experiments which, dependent upon substrate, could not be categorized as 
insignificant appeared to be an interesting side-effect of the HTC processes. Consequently, 
utilization of the liquid phase is worth consideration. 
For the assessment of the aerobic biodegradability, a continuously working laboratory 
wastewater treatment plant turned out to be more suitable than batch tests. Figure 8 shows the 
set-up of the laboratory treatment plant, and Figure 9 the efficiency of degradation, determined 
using this test equipment. The efficiency of COD-degradation was about 85 %. The same 
treatment installation shall also be used for future tests on the aerobic degradability after 
anaerobic pre-treatment. 
The remaining substances after the aerobic treatment are strongly adsorbable on activated 
carbon. The samples presented in Figure 10 illustrate, that the content of organic materials can 
be removed down to a few mg/l by contact with powdered activated carbon.  
6.2 Gas Phase 
As has been shown in Table 1, 3.0 – 6.1 % of the input carbon is transferred into the gas phase. 
Due to the aforesaid process of decarboxylation, CO2 is predominantly detected in the gas phase. 
The concentration of CO2 lies around 70 – 90%, dependent on substrate and reactivity. 
Furthermore a not insignificant concentration of hydrocarbons has been partially measured. 
Here, the spread of hydrocarbon traces lay between 1 – 4 % to > 10%.  
 
Figure 8: Laboratory treatment 















Figure 9: Influent and 
effluent COD-













Figure 10: Biologically pre-treated samples 
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7. SUMMARY OF PRESENT RESULTS  
The results from the present project “Feasibility Study into Energetic Use of Organic Municipal 
Solid Waste by Hydrothermal Carbonization”, sponsored by the DBU, can be summarized as 
follows:   
- The carbonization of most of the input material was successful. Comparison of the elemental 
composition (C/H/N/O) of the input- and output-materials, gives a clear view into the extent 
to which carbonization was successful. 
- At the end of the process the solid phase, the “HTC-Biochar”, can easily be separated from 
the water. Approximately 75 - 80 % of the carbon input is found in the solid phase; about 15 – 
20 % is dissolved in the liquid phase, and the remaining 5 % are converted to gas (mainly 
carbon dioxide).  
 - The produced materials, HTC-Biochars, are deemed to be ‘brown coal-like’ with regard to 
their elemental composition and calorific value. 
- After carbonization, the liquid phase is highly loaded with organic components, which are 
easily degradable. The liquid phase has high TOC and COD content which, on average, lay 
well above 10,000 mg TOC/l and 15,000 mg O2/l with regard to COD. 
- Contained in the liquid phase, as a reaction-product, was a not-insignificant concentration of 
organic acids, which according to present knowledge, is anaerobic degradable. By these 
means, an energetic utilization of the liquid phase in the form of Methane (CH4) is possible. 
- The volume of released reaction-gas laid in the magnitude of ca. 50 – 100 l/kg DS. The 
released gas is predominantly carbon dioxide. 
- An energetic advantage of hydrothermal carbonization is seen in the heat emission during 
proceeding reactions. Evaluation of carbonization tests performed show, that with standard 
substrates, ca. 5 MJ/kg DS of the input materials are released as energy during the processes. 
- A further deciding advantage of the treatment of organic waste with high moisture content by 
HTC methods will be seen in the significant improvement of the dewatering properties of the 
resulting suspension (water-carbon-mixture). Tests on the ‘dewatering-behaviour of HTC-
Output-Material’ have positively confirmed the improved solid-liquid-separation. 
8. OUTLOOK 
Research activities in the field of Hydrothermal Carbonization are continued by the working 
group “Waste Management and Landfill Technology” with two recently started projects, both 
focussing on practical application: 
- The Federal Ministry of Scientific Education and Research is promoting the project 
“Improved Energetic Use of Industrial Waste by Hydrothermal Carbonization” commencing 
summer 2009. 
 Within the frame of this project, a “semi-continuously working” reactor with a volume of 
200-litres is to be built. Combustion tests of HTC-Biochars are planned. 
- The DBU is to finance a new research project “Soil Improvement and Carbon Sequestration 
by Applying HTC-Biochars from Organic Waste on Agriculturally Used Areas.” 
 The project is to be carried out in co-operation with agricultural scientists under the direction 
of the “Institute for Sugar-Beet Research” at Goettingen University. 
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